1. Introduction {#sec1-foods-09-00536}
===============

Due to their low water activity (a~w~), dry-cured meats have been considered to be chemically and microbiologically stable products \[[@B1-foods-09-00536],[@B2-foods-09-00536]\]. However, the macromolecular crowding of lipids and proteins with pro-oxidants due to dehydration as well as processing and storage conditions makes the product susceptible to oxidative reactions leading to the deterioration of this matrix \[[@B3-foods-09-00536],[@B4-foods-09-00536]\]. In recent years, protein oxidation has become one of the most promising research topics in the food science field \[[@B5-foods-09-00536],[@B6-foods-09-00536]\]. High protein oxidation levels are not desirable, as they contribute to the impaired color and texture of dry-cured products \[[@B4-foods-09-00536]\] and the loss of protein functionality \[[@B7-foods-09-00536]\]. In addition, they cause adverse implications to the consumer's health \[[@B8-foods-09-00536],[@B9-foods-09-00536]\]. However, protein oxidation in meat and meat products was neglected for decades, when compared to lipid oxidation \[[@B6-foods-09-00536],[@B10-foods-09-00536]\].

Lipid oxidation leads to rancidity, color changes, and the formation of toxic compounds \[[@B3-foods-09-00536],[@B11-foods-09-00536],[@B12-foods-09-00536]\]. The effect of water in lipid oxidation using a low a~w~ model system \[[@B13-foods-09-00536]\] and food \[[@B14-foods-09-00536]\] is evident. Nevertheless, the connections between lipid and protein oxidation are a promising topic in the field of food science \[[@B15-foods-09-00536]\], but such knowledge in meat is scarce due to the high complexity of the meat matrix composition \[[@B8-foods-09-00536],[@B9-foods-09-00536]\]. Some studies have explored these links in meat products with low a~w~ \[[@B4-foods-09-00536],[@B16-foods-09-00536]\]. The connections between the oxidative damage of lipids and proteins and color and texture changes have been studied \[[@B4-foods-09-00536],[@B17-foods-09-00536],[@B18-foods-09-00536],[@B19-foods-09-00536]\]; however, the full understanding remains to be elucidated.

The intrinsic relationship between food characteristics has been a field recently studied using multivariate statistical analysis \[[@B20-foods-09-00536],[@B21-foods-09-00536],[@B22-foods-09-00536]\]. In this way, chemometrics has been a statistical approach used to extract useful information from complex and large datasets \[[@B23-foods-09-00536]\]. Among the chemometric tools, the clustering method and principal component analysis are multivariate methods applied in all fields of science and food technology \[[@B23-foods-09-00536],[@B24-foods-09-00536]\]. In this context, this study aimed to use chemometrics to evaluate (i) the influence of the key intrinsic factors on the physicochemical characteristics and (ii) the relationship between lipid and protein oxidation damage and instrumental texture and color in Brazilian dry-cured loin.

2. Materials and Methods {#sec2-foods-09-00536}
========================

2.1. Brazilian Dry-Cured Loin Sample {#sec2dot1-foods-09-00536}
------------------------------------

Twenty-seven different samples (200 ± 5 g each sample) from three batches were obtained in the local market of Venda Nova do Imigrante city, in the mountain region of Espírito Santo state, Brazil. The three batches were produced in this region in the period of July--September 2017 (total production time of three months) with ripening conditions at ambient temperature (between 10.9--25.1 °C) and relative humidity (between 82.5%--84.9%) according to the Capixaba Institute for Research, Technical Assistance and Rural Extension, using a meteorological center for agroclimatic monitoring data \[[@B25-foods-09-00536]\]. The loins were derived from F1 pigs resulting from a cross between the landrace and large white breeds, fed with corn and soybean meal (main base) (according to pig producers) and slaughtered when the weight reached 95 kg. The loin pork was covered with NaCl for 24 h at 4 °C. After the excess salt was removed and 3 g/kg of a mixture (1:1) of powdered black pepper (*Piper nigrum*) and garlic (*Allium sativum*) was added, the seasoned loin was wrapped in pork peritoneum and ripened for three months. Immediately after the production, samples were vacuum-packed, purchased, and transported in sanitized boxes to the laboratory (25 °C) for analysis. All the samples were analyzed one day after the end of production. Intrinsic factors (water activity and cross-sectional area) and oxidation (protein oxidation and lipid oxidation) were measured, color was instrumentally determined, and texture profile analysis (TPA) was performed.

2.2. Water Activity and Cross-Sectional Area {#sec2dot2-foods-09-00536}
--------------------------------------------

Water activity was determined using Pawkit meter (Decagon Devices, Pullman, WA, USA) by placing 2 g of sample into the digital equipment, according to the method described by the manufacturer. The cross-sectional area was calculated using the formula: *A* = π × *r*^2^, and results were expressed in cm^2^. The samples had an approximately cylindrical shape, and the diameter was measured.

2.3. Lipid Oxidation {#sec2dot3-foods-09-00536}
--------------------

Lipid oxidation was determined by the thiobarbituric acid reactive substances (TBARS) method described by Yin et al. \[[@B26-foods-09-00536]\] and modified by Joseph et al. \[[@B27-foods-09-00536]\]. In brief, samples (5 g) were homogenized with 22.5 mL of trichloroacetic acid (11%) solution using an Ultra Turrax 18 basic (IKA, Wilmington, NC, USA) at 11,000 rpm, followed by centrifugation at 15,000× *g* for 15 minutes at 4 °C. The absorbance values at 532 nm were measured using a UV-1800 spectrophotometer (Shimadzu Corporation, Kyoto, Japan). The concentration of malonaldehyde (MDA) was obtained from a standard curve. The results were expressed as mg MDA/kg of dry-cured meat.

2.4. Protein Oxidation {#sec2dot4-foods-09-00536}
----------------------

The total protein carbonyl content was determined following the 2,4-dinitrophenylhydrazine (DNPH) derivatization assay based on the methods proposed by Oliver et al. \[[@B28-foods-09-00536]\] with modifications \[[@B29-foods-09-00536],[@B30-foods-09-00536],[@B31-foods-09-00536]\], using 3 g of sample. The absorbance was measured at 280 nm (protein content) and 370 nm (carbonyl content) in a UV-1800 spectrophotometer (Shimadzu Corporation, Kyoto, Japan). The results were expressed as nmol of carbonyl per mg of protein.

2.5. Instrumental Color {#sec2dot5-foods-09-00536}
-----------------------

The color was measured using a spectrophotometer CM-600D (Konica Minolta Sensing Inc., Osaka, Japan) equipped with illuminant A, 8 mm aperture, and 10° standard observer \[[@B32-foods-09-00536]\]. The color analysis was performed by directly reading on the dry-cured meat at eight different internal points on each sample. In the CIE color scale, L\* (lightness), a\* (redness), b\* (yellowness), chroma (color saturation/intensity) and hue (tonality) were measured. The determination of the color intensity of cured meat was obtained by the ratio between 650 and 570 nm, R(650/570) \[[@B32-foods-09-00536]\]. The ratio of 630 and 580 nm, R(630/580), indirectly estimates the concentration of metmyoglobin (MMb) on dry-cured meat surface and thus indicates color stability \[[@B32-foods-09-00536]\].

2.6. Texture Profile Analysis (TPA) {#sec2dot6-foods-09-00536}
-----------------------------------

The texture profile analysis (TPA) was performed in Texture Analyzer TA-XT plus, Stable Micro Systems Ltd. (Surrey, England) equipped with a 50 kg load cell and 36 mm cylindrical probe (P/36). Samples of 10 × 5 × 10 mm (length ×·width × height) were used. Samples were compressed twice to 50% of their original height (*t* = 0 s, between the two compressions). The pretest, test, and post-test speeds were 1, 1, and 5 mm/s, respectively. Hardness, adhesiveness, springiness, cohesiveness, gumminess, chewiness, and resilience were calculated using the Exponent software package, version 6.1.9.1 (Stable Micro Systems, Surrey, England).

2.7. Statistical Analysis {#sec2dot7-foods-09-00536}
-------------------------

To investigate the influence of intrinsic factors on the physicochemical characteristics of Brazilian dry-cured loin (BDL), MANOVA was performed. Henceforth, the hierarchical cluster analysis (HCA) was used following Ward's method and Euclidean distance. To evaluate the relationship between lipid and protein oxidation and instrumental parameters of color and texture, principal component analysis (PCA) was performed in each cluster. For the formation of the principal components, the correlation matrix was used to determine significant variables (*p* \< 0.05) for cluster discrimination. Pearson's correlation was performed to evaluate the overall relationship between physicochemical characteristics. Shapiro--Wilk's test was used to verify the data normality. Statistica 10 (Statsoft, Tulsa, OK, USA) software was used. The significance level used was 0.05. Data were standardized to eliminate the effect of the order of magnitude between the variables.

3. Results and Discussion {#sec3-foods-09-00536}
=========================

3.1. Influence of the Key Intrinsic Factors on the Physicochemical Characteristics of Brazilian Dry-Cured Loin {#sec3dot1-foods-09-00536}
--------------------------------------------------------------------------------------------------------------

The 27 BDL samples were separated into two clusters ([Figure 1](#foods-09-00536-f001){ref-type="fig"}). The samples included in the cluster 1 presented lower values (*p* \< 0.05) of a~w~, TBARS, and carbonyls but presented higher values (*p* \< 0.05) of hardness, gumminess, chewiness, a\*, b\*, chroma, R(630/580), and cured color compared to the cluster 2 counterparts. Since a~w~ is a critical factor for dry-cured meat \[[@B33-foods-09-00536],[@B34-foods-09-00536],[@B35-foods-09-00536]\], cluster 1 (13 samples) was composed of samples with a low a~w~ (cluster LWA, low water activity), and cluster 2 (14 samples) was composed of samples with a high a~w~ (cluster HWA, high water activity). In this context, several observations can be made.

Several factors have been described to influence protein and lipid oxidation \[[@B9-foods-09-00536]\]. Among them, a~w~ plays an essential role in biochemical reactions, including redox ones \[[@B14-foods-09-00536]\]. As aforementioned, the values of TBARS and carbonyls were higher (*p* \< 0.05) in the HWA cluster ([Table 1](#foods-09-00536-t001){ref-type="table"}). Water is a reaction media and may facilitate oxidative reactions by the diffusion of substrates, hence increasing the encounter of reactants \[[@B36-foods-09-00536]\]. For lipid oxidation, water may facilitate the attack of a radical species and the removal of hydrogen from fatty acids, thereby beginning its oxidation \[[@B36-foods-09-00536]\]. The a~w~ is also related to protein oxidation once the presence of water collaborates with the formation of several radicals, increasing the number of carbonyls \[[@B33-foods-09-00536],[@B34-foods-09-00536],[@B37-foods-09-00536]\]. However, dehydration leads to a molecular crowding effect that enhances the collision between lipids, proteins, and pro-oxidants, such as oxygen and iron \[[@B38-foods-09-00536]\]. According to the latter mechanism, loss of free water (through dehydration or even freezing) may promote oxidative reactions, yet this was not observed in the present study. Hence, apparently, there must be a particular range of a~w~ in dry-cured meat products at which the balance between the molecular crowding and molecular diffusion occurs in order for these oxidative reactions to be enhanced. For this reason, protein and lipid oxidation levels, over different a~w~ values in BDL, as well as in other dry-cured meats, should be thoroughly studied.

In addition to its involvement in the occurrence of chemical reactions, a~w~ also influences the texture and color. In this study, hardness, gumminess, and chewiness were important factors (*p* \< 0.05) to discriminate against the clusters ([Table 1](#foods-09-00536-t001){ref-type="table"}). Low a~w~ was one of the factors strongly associated with this texture profile. Ruiz-Ramírez et al. \[[@B35-foods-09-00536]\] and Serra et al. \[[@B33-foods-09-00536]\] also found increased hardness when there was a decrease in a~w~ in dry-cured loin and dry-cured ham, respectively. Dry-cured meat products are considered foods with high hardness, gumminess, and chewiness when compared to fresh meat. In this study, higher hardness values may be related to the lower amount of water present between proteins. The water located between the proteins may decrease the direct interaction between the protein structures, hence increasing the softening \[[@B39-foods-09-00536],[@B40-foods-09-00536]\]. Moreover, the cross-sectional area was not a significant variable (*p* \> 0.05) for the formation of clusters ([Table 1](#foods-09-00536-t001){ref-type="table"}). This result indicates that standardization in the radius of the dry-cured loin allowed greater homogeneity in the water loss during the maturation/dehydration process.

As previously discussed, a~w~ influences distinct physicochemical reactions in meat products, which alter chemical, texture, and color values. In the present study, the a\* value was an important variable to discriminate against the clusters ([Table 1](#foods-09-00536-t001){ref-type="table"}), wherein the LWA cluster obtained the highest value (*p* \< 0.05). In the same way, chroma had the highest (*p* \< 0.05) value in the LWA cluster ([Table 1](#foods-09-00536-t001){ref-type="table"}). This fact indicates a higher saturation/intensity level of the red color (a\*) on LWA compared to the HWA cluster. A lower a~w~ leads to the concentration of biomolecules, including myoglobin, which, in turn, affects the color displayed by meat products. In addition to the total concentration of pigments, the chemical state of myoglobin also plays a role in the meat color. Low values of the R(630/580) ratio indicate higher concentrations of metmyoglobin \[[@B32-foods-09-00536]\], as presented in the HWA ([Figure 1](#foods-09-00536-f001){ref-type="fig"}) compared to the LWA. Therefore, these data support the hypothesis that only pigment concentration does not fully explain the role of a~w~ on color quality. The higher a~w~ may have caused greater diffusion of substrates and facilitated oxidative reactions leading to discoloration \[[@B36-foods-09-00536]\]. High amounts of metmyoglobin cause a higher presence of brown tonality in the meat \[[@B41-foods-09-00536]\]. A higher amount of this oxidized pigment is a reflection of lower color stability (R(630/580)) \[[@B18-foods-09-00536],[@B30-foods-09-00536]\]. Among the various functions of water in the meat, one of them is to provide greater diffusion of substances \[[@B36-foods-09-00536]\]. Therefore, it is possible to hypothesize that the greater diffusion/presence of oxygen caused the oxidation of Fe^2+^ into Fe^3+^, facilitating the accumulation of metmyoglobin \[[@B18-foods-09-00536]\] which correlates with a less intense red meat \[[@B41-foods-09-00536]\]. Likewise, the value of b\* was also higher (*p* \< 0.05) in the LWA cluster. In this study, it is possible to state that the lower oxidation due to the low a~w~ likely contributed to lesser discoloration of the dry-cured loin, resulting in the prevalence of red substances.

The values of cured color R(650/570) are presented in [Table 1](#foods-09-00536-t001){ref-type="table"}. According to the scale of the American Meat Science Association \[[@B32-foods-09-00536]\] with modifications, values ≤1.4 indicate no cured color, values of 1.5--2.1 refer to noticeable cured color, and values of 2.2--2.6 represent an excellent cured color. Although BDL presents no nitrite or nitrate addition and is an uncooked product, the values found in the present study indicate the noticeable intensity of cured color in samples classified in LWA cluster. This effect may have been due to the high concentration of substances responsible for the color resulting from the continuous and effective dehydration process. In dry-cured meat, few studies have evaluated this parameter. Böhner et al. \[[@B41-foods-09-00536]\] found a lower value (1.25) in cured boiled sausages when compared to the values of the present study. The lower a~w~ resulted in higher values for both R(630/580) and cured color. Therefore, we can affirm that lower a~w~ improved the overall color quality of BDL.

3.2. The Relationship among Physicochemical Parameters {#sec3dot2-foods-09-00536}
------------------------------------------------------

For a more in-depth study, principal component analysis (PCA) was performed for the LWA and HWA clusters, separately. For the LWA cluster, two components of the PCA retained 70.26% of the total variance. For the samples from the LWA, the variables a\* and chroma are located in the PCA, as opposed to carbonyls ([Figure 2](#foods-09-00536-f002){ref-type="fig"}a). These facts indicate that high a\* and chroma values were associated with low protein oxidation. As previously explained, this relationship is possible due to the double role of iron, which is responsible for (i) the redness of the meat and (ii) the occurrence of oxidation, as this metal is the leading promoter of protein oxidation and discoloration reactions in meat systems \[[@B6-foods-09-00536],[@B18-foods-09-00536]\] ([Figure 3](#foods-09-00536-f003){ref-type="fig"}A).

Instrumental texture values, carbonyls, and a~w~ showed proximity in PCA ([Figure 2](#foods-09-00536-f002){ref-type="fig"}a). This fact demonstrates that these variables are associated with each other. The low a~w~ of a meat product is mainly due to a dehydration process; as aforementioned, free water may facilitate oxidative reactions \[[@B36-foods-09-00536]\]. In this study, the a~w~ of 0.79 was associated with low carbonyl content and high texture values ([Table 1](#foods-09-00536-t001){ref-type="table"}), possibly due to low activity of meat-softening proteases. In other studies, however, dehydration caused a molecular crowding effect that increases carbonyl formation \[[@B6-foods-09-00536],[@B38-foods-09-00536]\]. These effects were also described in uncured or unfermented meat products with a~w~ \> 0.90. Therefore, the low level of a~w~ in the samples of cured loin was indicated as a powerfully important and possibly particular factor of this dry matrix.

For the HWA cluster, two components of the PCA retained 65.82% of the total variance ([Figure 2](#foods-09-00536-f002){ref-type="fig"}b). High carbonyl and TBARS contents are mildly opposed to low hardness, gumminess, and chewiness values. Therefore, high oxidative damage may be associated with high hardness, gumminess, and chewiness values (due to both positive locations in PCA). Products of both lipid and protein oxidation, such as MDA and mainly protein carbonyls, are known to be involved in the formation of protein cross-links, which are believed to be responsible for the strengthening of the muscle tissue and the increase of meat toughness \[[@B6-foods-09-00536]\] ([Figure 3](#foods-09-00536-f003){ref-type="fig"}B). Several studies corroborate this connection between protein oxidation and texture parameters in uncured or unfermented meat products \[[@B42-foods-09-00536],[@B43-foods-09-00536],[@B44-foods-09-00536]\]. However, in this presented study, this phenomenon only occurs in high a~w~ (0.84, HWA). In Spanish dry-cured ham with a~w~ of 0.90, using high hydrostatic pressure, a similar connection between protein oxidation and the texture was achieved \[[@B45-foods-09-00536]\]; however, process conditions may have influenced the connection. Therefore, a~w~ can be indicated as a key factor for all underlying connections described. However, several factors may also be associated; in this manner, the full understanding remains to be elucidated. Thiol groups, mainly cysteine, play an important role in cross-linking involving oxidation of proteins in meat \[[@B37-foods-09-00536]\]. Therefore, it is a field that should be considered in future studies.

For lipid oxidation, interesting differences were found between LWA and HWA clusters. In LWA, TBARS had no associations with all variables. On the other hand, in HWA, TBARS was oppositely located with color values. For this reason, high TBARS content was associated with low redness. TBARS and a\* are also linked in raw meat, as myoglobin oxidation products can cause lipid oxidation \[[@B17-foods-09-00536],[@B18-foods-09-00536]\] ([Figure 3](#foods-09-00536-f003){ref-type="fig"}C). Furthermore, in the cluster HWA, the values of TBARS, carbonyls, and a~w~ showed proximity in PCA ([Figure 2](#foods-09-00536-f002){ref-type="fig"}b). Therefore, in high a~w~ (0.84), high TBARS and carbonyl contents were associated. Cross-links of protein and lipid oxidation may occur due to the presence of malonaldehyde \[[@B15-foods-09-00536],[@B46-foods-09-00536],[@B47-foods-09-00536]\]. The formation of carbonyls (aldehydes and ketones) in proteins may be due to the covalent binding to nonprotein carbonyl compounds, such as malonaldehyde \[[@B6-foods-09-00536],[@B15-foods-09-00536]\] ([Figure 3](#foods-09-00536-f003){ref-type="fig"}D). On the other hand, in BDL with low a~w~, this phenomenon did not occur. Therefore, the a~w~ presents itself as one of the main factors necessary to fully understand in the connections between different oxidative damages in the dry matrix.

Overall correlation ([Table S1](#app1-foods-09-00536){ref-type="app"}) between malonaldehyde and carbonyl contents had a high/moderate-significance correlation with a\* and hardness. In this way, it is possible to suggest that instrumental measurements such as color and texture have potential as indicators of lipid and protein oxidation. It is important to replace time-consuming, destructive, and environmentally unfriendly methods such as malonaldehyde and carbonyl quantification with nondestructive, fast, and environmentally friendly methods such as color and texture. Hence, we suggest further and broader studies in this field.

4. Conclusions {#sec4-foods-09-00536}
==============

The a~w~ plays a major role in the physicochemical characteristics of BDL. In a general exploration using HCA, it was found that lower a~w~ was related to improved color quality (a\*, b\*, chroma, R(630/580), and cured color) and indicated lower carbonyl and malonaldehyde contents. Regarding the aspects of texture profile, low a~w~ was one of the factors that indicated high hardness, gumminess, and chewiness. In addition, it is possible to suggest that a\* and hardness can be further studied as indicators of malonaldehyde and carbonyl content. In a more in-depth study using PCA, the level of a~w~ in the BDL was powerfully relevant. Connections between protein and lipid oxidation were found in high a~w~ but not in low a~w~. In the same way, the connections between high hardness and carbonyl content occurred only in high a~w~. Lipid oxidation only showed meaningful connections with instrumental color in high a~w~. In this preliminary study, information has been provided regarding BDL characteristics and their connections with oxidative damage to lipids and proteins and changes in color and texture characteristics, which will encourage further studies to improve the knowledge of the BDL and physicochemical connections in dry-cured meat.
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![Dendrogram of Brazilian dry-cured loin samples. Cluster 1 (LWA, low water activity) and cluster 2 (HWA, high water activity).](foods-09-00536-g001){#foods-09-00536-f001}

![Principal component analysis of the significant variables (*p* \< 0.05) in cluster 1 (LWA, low water activity) (**a**) and cluster 2 (HWA, high water activity) (**b**).](foods-09-00536-g002){#foods-09-00536-f002}

![Plausible connections among physicochemical characteristics in Brazilian dry-cured loin. Connections between color and protein oxidation (**A**), texture profile and protein oxidation (**B**), color and lipid oxidation (**C**) and lipid and protein oxidation (**D**).](foods-09-00536-g003){#foods-09-00536-f003}

foods-09-00536-t001_Table 1

###### 

Means and standard deviation of physicochemical characteristics obtained from the two clusters formed of Brazilian dry-cured loin.

  Variables                      Cluster 1 (LWA)   Cluster 2 (HWA)   *p* Values
  ------------------------------ ----------------- ----------------- ------------
  Cross-sectional area (cm^2^)   21.69 ± 2.11      23.30 ± 2.93      0.156
  Water activity                 0.79 ± 0.01       0.84 ± 0.01       0.001
  TBARS ^A^                      0.16 ± 0.04       0.27 ± 0.07       \<0.001
  Carbonyls ^B^                  1.93 ± 0.31       3.12 ± 0.91       \<0.001
  Hardness (N)                   6.45 ± 0.88       5.13 ± 0.84       \<0.001
  Adhesiveness (g·mm)            −9.19 ± 5.71      −10.47 ± 4.60     0.543
  Springiness (mm)               0.70 ± 0.05       0.71 ± 0.06       0.701
  Cohesiveness                   0.64 ± 0.03       0.64 ± 0.04       0.892
  Gumminess (N·mm)               4099.5 ± 599.5    3286.0 ± 492.3    0.001
  Chewiness (g·mm)               2898.1 ± 506.9    2335.8 ± 402.1    0.004
  Resilience                     0.22 ± 0.03       0.21 ± 0.02       0.304
  L\*                            34.31 ± 2.24      33.09 ± 1.88      0.132
  a\*                            6.62 ± 0.41       5.10 ± 0.46       \<0.001
  b\*                            6.53 ± 0.83       5.43 ± 0.71       0.001
  Chroma                         9.33 ± 0.82       7.50 ± 0.77       \<0.001
  Hue                            44.68 ± 2.22      46.46 ± 2.82      0.078
  R(630/580)                     1.51 ± 0.02       1.41 ± 0.05       \<0.001
  Cured color                    1.58 ± 0.03       1.44 ± 0.06       \<0.001

LWA: low water activity; HWA: high water activity; ^A^: expressed as mg MDA/kg of dry-cured loin; ^B^: expressed as nmol of carbonyl per mg of protein. Results are expressed as means ± standard deviation (*n* = 27).
